Since the turn of the century, Escherichia coli has been implicated in the etiology of weanling diarrhea (colibacillosis). However, rotavirus-a virus that destroys enterocytes-has been shown recently to be causally associated with weanling diarrhea of pigs. The role of both rotavirus and hemolytic enteropathogenic E. coli in weanling diarrhea was assessed in this study. Pigs from a closed herd were farrowed and weaned by two markedly different systems: an "intensive care sanitary" system and a "conventional unsanitary" system. Pigs weaned at 3 weeks of age in the sanitary system usually experienced a rotaviral diarrhea about 16 days postweaning. No hemolytic E. coli were detected in feces from these pigs. Peers weaned at the same time by the unsanitary system commenced diarrhea 3 days postweaning. Rotavirus and nonhemolytic E. coli were detected in the feces at the onset of diarrhea and for a few days thereafter. Then, the aerobic fecal flora shifted to nearly pure hemolytic enteropathogenic E. coli. About 10 days later, the diarrhea waned, and the fecal flora shifted back to nonhemolytic E. coli. This hemolytic E. coli shedding pattern could not be duplicated in artificially inoculated sanitary pigs unless they were inoculated with the hemolytic E. coli during a rotaviral-associated diarrhea. Otherwise, the shedding of hemolytic E. coli was fleeting, and the diarrhea, if present, was mild. Pigs developed humoral antibodies to the rotavirus but not to the hemolytic E. coli. We conclude that rotavirus damages the epithelium of the small intestines, which changes the luminal environment to one that favors colonization by enteropathogenic E. coli.
Since 1891, Escherichia coli have been suspected of being etiological agents of diarrheaespecially neonatal diarrhea (see references 1 and 31 for review). Pigs have been extensively investigated regarding the association of E. coli with the diarrhea that occurs around the time of weaning (2-4, 6, 8-11, 19-22, 25-27, 29-31, 38) . This paraweaning syndrome, generally diagnosed as colibacillosis, has been called by a variety of descriptive names such as weanling diarrhea, postweaning diarrhea, white scours, nutritional diarrhea, feed scours, drei-wochen durchfall, and l'enterite colibacillaire de la troisieme semaine. In general, hemolytic E. coli possessing heat-labile or heat-stable enterotoxin or both and pili that specifically adhere to enterocytes have been incriminated. These i.e., weaned at 1 day of age (5) . However, bacteria-free diarrhetic fluid reproduced the syndrome. Subsequently, these fluids were shown to contain large numbers of a 50-to 80-nm virus, now called rotavirus (18) . More recently we implicated rotavirus as a major etiological component of piglet weanling diarrhea (pigs weaned 3 to 6 weeks of age) (16, 17) . At the time, no attempt was made to determine whether E. coli was involved. Since then we have had a unique opportunity to study the role of E. coli in weanling diarrhea. Pigs in our closed University herd were farrowed and weaned by two markedly different management systems. In one system, a proportion of the pigs were farrowed in an "intensive care" farrowing facility and weaned at 3 weeks of age into an isolated nursery (designated the sanitary group). In the other system, peers were farrowed in a conventional farrowing house and weaned into a conventional nursery (the unsanitary group). Pigs that were weaned from and into the unsanitary environment commenced rotavirusassociated diarrhea about 3 to 5 days postweaning, as we reported previously for pigs weaned 716 LECCE ET AL.
at commercial enterprises (16) . Furthermore, at about the time diarrhea commenced, there was a dramatic shift in the aerobic fecal flora from nonhemolytic E. coli and enterococci to a profuse flora of hemolytic E. coli. However, in peers weaned from and into the sanitary environment, diarrhea was delayed for some 2 weeks postweaning. In these sanitary pigs, large numbers of rotavirus again (17) were detected in diarrhetic fluid, but at no time did the fecal flora shift to hemolytic E. (coli. Details and significance of the above observations are the subject of this report.
MATERIALS AND METHODS Sows. Thirty-two gestating sows from our closed University herd were moved 5 days before their projected date of parturition to either an intensive care farrowing facility or to a conventional farrowing facility (17) .
Unsanitary pigs. Twenty of the above gestating sows were taken to the conventional farrowing facility. Sows were maintained in crates placed on 10-cm wide concrete slats, spaced 2 cm apart. Feces eventually worked through the spaces, dropping into the underlying pit. However, there was always a veneer of feces on the slats and on the ventral surface of the sows.
When pigs were 4 weeks old, 64 were randomly selected for nutritional studies and were weaned to a 16-pen nursery in another part of this facility. Pigs were grouped, four pigs to a pen (6 by 12 m), and presented with dry feed and water. The abrupt change to dry feed and grouping was thought to be stressful to newly weaned pigs (14, 16) . The level of cleanliness (microbial contamination) at this facility was typical of that seen in the field (16) . These pigs commenced diarrhea 3 days postweaning, which lasted about 12 days. As (17) . When pigs were 3 weeks old, they were weaned and randomly selected for nutritional studies, except those that were taken to an isolated nursery for infection studies (experiments 2, 3. and 4).
In the isolated nursery, pigs were individually caged and fed a liquid diet hourly (Autoweaner) (J. G. Lecce, W. E. Dorsey, W. D. Armstrong, and E. E. Jones, J. Anim. Sci., in press). The diet consisted mainly of nonfat milk solids, corn oil, and peanut oil made up to a total solids of 20% (dry matter). Of the total solids, 32% was protein (15) . This hourly liquid feeding regimen is designed to be less stressful to a newly weaned pig (14) . Despite this management procedure, it was not possible to rid the facility or the pigs completely of rotavirus since they invariably experienced a rotaviral diarrhea some 10 to 16 days postweaning (17) . The pigs which acquired a natural rotaviral diarrhea were used in experiments 2 to 4 described below.
Colostrum-deprived (agammaglobulinemic) pigs. Pigs were caught as they were born in the intensive care farrowing facility and brought to an isolated, fumigated building containing an automatic feeding device (Autosow) (13, 15) . Pigs were fed a liquid diet (experiment 5 and 6) hourly. No rotavirus or hemolytic E. coli were detected in the feces of these pigs.
Rotavirus detection. Rotavirus was detected by affinity immune electron microscopy (M. W. King and J. G. Lecce Parafilm. An electron microscope grid was floated on this drop for about 10 min. after which the grid was blotted dry from the edge with filter paper and examined in an electron microscope. The grid had been previously coated with carbon, Formvar, and the gamma globulin fraction of serum from a pig hyperimmunized against rotavirus.
E. coli detection. A cotton swab was inserted into the rectum of a pig and then placed into 2 ml of sterile saline. A loopful of this bacterial suspension was streaked onto a blood agar plate which was incubated overnight at 37°C. Colonies were evaluated in selective, differential, and fermentative media by standard bacteriological techniques (24) .
Serology. Fourteen hemolytic and six nonhemolytic E. coli isolates from pigs experiencing weanling diarrhea were sent to B. 0. Blackburn, National Veterinary Service Laboratories, Ames, Iowa. Of the hemolytic E. coli, five different serotypes were detected (36%, 0157:K-:NM; 29%, 0138:K-:H9; 14%, 0142:K-:NM; 14%, 06:K15:H31; and 7%, 0121:K-:H10). We immunized rabbits to the 0 antigens of a representative isolate of each of these serotypes. These immune sera were used in slide agglutination to 0 type all isolates. An isolate of 0157:K-:NM, designated hemolytic E. coli-7, was used to inoculate pigs in the infection studies (see below).
Sera were collected from pigs at the onset of diarrhea (acute) and 2 weeks later (convalescent). These sera were tested for antibodies to our most prevalent serotype of E. coli (0157) by a tube agglutination test and were tested for antibodies to swine rotavirus by an enzyme-linked immunosorbent assay.
The enzyme-linked immunosorbent assay procedure (37) was performed as follows. A fecal suspension containing approximately 109 rotaviral particles per ml was partially purified by extracting host-cell membrane lipids with 1,1,2-trichlorotrifluoroethane (Fisher Scientific Co., Pittsburgh, Pa.) and differentially centrifuging out bacteria and debris. This preparation of virus in 0.05 M carbonate buffer (pH 9.6) was used to coat microtiter plates for 3 h at 37°C and then at 4°C overnight. Twofold dilutions of either acute-or convalescent-phase serum were added to the rotaviruscoated plates and incubated at 4°C overnight. (7) .
These representative strains were tested for heatstable enterotoxin by injecting 1 ml of 24-h broth culture of E. coli into ligated segments of the jejunum of an 8-week-old piglet and observing the segments for fluid accumulation 8 h later (19, 22, 25) .
Test for adherence. Some sick pigs were killed, and 5-cm segments of upper and middle jejunum and lower ileum were rapidly removed. The segments were cut in half, and one half was cultured as described above for bacteria. The other half was fixed in cold ethanol, vaccum infiltrated with paraffin, sectioned at S ,um, and examined by indirect immunofluorescence (18) for the presence of the hemolytic E. coli in question.
Infection studies. In experiment 1, unsanitary pigs (from the conventional farrowing house) were weaned at 4 weeks of age into an environment in which rotavirus and hemolytic E. coli had been prevalent (see above for source of unsanitary pigs). In experiment 2, sanitary pigs (from the intensive care farrowing facility) were weaned at 3 weeks of age into an environment in which only rotavirus had been prevalent (Autoweaner) (see above for source of sanitary pigs). In experiment 3, the sanitary pigs weaned at 3 weeks of age were inoculated orally with -109 hemolytic E. coli-7 12 days after recovering from rotaviral diarrhea. In experiment 4, the sanitary pigs weaned at 3 weeks of age were inoculated during rotaviral diarrhea with -109 hemolytic E. coli-7. In experiment 5, 16-day-old colostrum-deprived pigs (caught agammaglobulinemic at birth) were inoculated orally with -109 hemolytic E. coli-7 while in the Autosow. In experiment 6, 3-week-old colostrum-deprived pigs were moved from the Autosow and taken into a fumigated, isolated, air-locked room. Here, the individually caged pigs were inoculated orally at 4 weeks of age with either -109 rotavirus particles (experiment 6A), -109 hemolytic E. coli-7 (experiment 6B), or both the rotavirus and E. coli-7 (experiment 6C). Pigs in experiment 6 were fed 450 ml of the liquid diet three times a day (at 0800, 1200, and 1600 h). Pigs in the Autosow and Autoweaner (experiments 2 through 5) were fed the liquid diet hourly at the rate of 12.5 ml/hr per kg body weight. Experiment 1: unsanitary pigs exposed to an environment contaminated with rotavirus and hemolytic E. coli. Data in Fig. 1 came from 20 of 64 pigs in a weaning group. These 20 pigs were selected for detailing because they were peers of the pigs used in experiment 2 and because this treatment group was fed a diet free of antibiotics. At 3 to 5 days postweaning, diarrhea commenced and lasted for about 12 days (Fig. 1) . Before the diarrhea, rotavirus was not detected in the feces. Coincident with diarrhea and for 2 to 3 days thereafter rotavirus was detected in the feces. Also before and coincident with diarrhea, nonhemolytic E. coli was the major component of the aerobic fecal flora. However, after about 1 VOL. 16 day of diarrhea, the flora started shifting to hemolytic E. coli, rapidly becoming nearly pure hemolytic E. coli. Hemolytic E. coli persisted in the feces for about 8 days, at which time the diarrhea subsided. Weight gains were severely depressed during this period.
Experiment 2: sanitary pigs exposed to a rotavirus-contaminated environment. Nine peers of the above, that came from the intensive care farrowing facility to the Autoweaner, commenced diarrhea about 2 weeks postweaning, at which time rotavirus was detected in large numbers in diarrhetic fluid for about 2 to 3 days (17) (Fig. 2) . Diarrhea lasted for about 6 days. Before, coincident with, during, and after the diarrhea, the E. coli flora was nonhemolytic, i.e., there was no obvious shift in flora. E. coli isolated at this time did not produce heat-labile enterotoxin. Weight gains were somewhat depressed during the period of diarrhea. A similar pattern (Fig. 2 ) was observed 8 times over a 1.5-year period in sanitary pigs used for nutritional studies.
Experiment 3: sanitary pigs exposed to rotavirus-contaminated environment, and inoculated postrecovery with hemolytic E. coli. Seven pigs were inoculated orally with hemolytic E. coli-7 12 days after they recovered from rotaviral diarrhea. During the rotaviral episode, the responses of the pigs (Fig. 3) were typical as described above (Fig. 2) . The response of the pigs to infection with hemolytic E. coli-7 was mild, i.e., both the diarrhea and the presence of hemolytic E. coli was of short duration (Fig. 3) . Pigs made excellent weight gains during the period that they were shedding the hemolytic E. coli-7.
Experiment 4: sanitary pigs exposed to rotavirus-contaminated environment and inoculated at the onset of diarrhea with hemolytic E. coli. One day after rotaviral diarrhea commenced, seven pigs were inoculated orally with E. coli-7. In this case, the response to the inoculation was more severe than that depicted in Fig. 2 and 3 , but similar to that depicted in Fig. 1 . That is, the E. coli flora became nearly pure hemolytic E. coli-7 24 h postinoculation and E. coli-7 continued to be isolated from most of the pigs for about 10 days (Fig. 4) . Diarrhea lasted longer and was more profuse, and two pigs died. Weight gains were severely depressed in these dually infected pigs.
Experiment 5: colostrum-deprived pigs, 16 days of age, inoculated with hemolytic E. coli. In 13 pigs inoculated orally with hemolytic E. coli-7, diarrhea was mild for about 6 days. Furthermore, hemolytic E. coli-7 did not become readily established in pig gut (as opposed to the ease of establishment in experiments 4 and 6C). That is, only 40% of the pigs shed the hemolytic E. coli-7. Some of these pigs had mild diarrhea coincident with shedding of E. coli-7, but in none of the pigs was the excellent rate of weight gain affected (Fig. 5) coli-7 was for a short time and at a low level (Fig. 6B) . In experiment 6C, four pigs were inoculated orally with rotavirus. This was followed 24 h later with hemolytic E. coli-7. These pigs experienced severe diarrhea of long duration with the establishment of a nearly pure culture of hemolytic E. coli-7 in the feces (Fig.  6C) . This pattern was similar to that of the natural dual infection in the unsanitary pigs (experiment 1, Fig. 1 ) and the dual infection in the sanitary pigs (experiment 4, Fig. 4) . One of these pigs was killed 3 days after infection with E. coli-7, and a pure culture of E. coli-7 was isolated from upper and middle jejunum and ileum. Figure 7 shows hemolytic E. coli-7 adhering to ileal epithelium.
Acute and convalescent antibody titers. Colostrum-deprived pigs had no titer to hemolytic E. coli-7 or to rotavirus at the time they were inoculated with either rotavirus or E. coli-7.
Two weeks after these pigs were inoculated there still was no titer to the E. coli-7 but there was a titer to rotavirus (geometric mean titer of 1:31).
All of the pigs that had nursed for 3 weeks (unsanitary or sanitary) had an antibody titer to rotavirus during the acute phase of diarrhea, a reflection of the passively acquired immunity (12) . These pigs either maintained this titer to rotavirus or it increased 2 weeks later (convalescent phase), i.e., geometric mean titer of 1:415 in the acute versus 1:593 in the convalescent phase. Since the blood volume nearly doubled and the passive antibody decayed by about 50% between the acute and the convalescent phase, it is highly likely that the pigs mounted a humoral response to rotavirus. On the other hand, there seemed to be no humoral response to E. coli-7 since the pigs had no agglutination titer to E. coli-7 either in the acute or convalescent phase. However, a geometric mean titer of 1:48 to E. coli-7 was present in the serum of 2-day-old pigs, again, a reflection of passively acquired immunity.
Statistical analysis. Statistical analysis revealed (P < 0.01) that the amount of diarrhea in experiments 2 and 3 was significantly different from the amount in experiment 4. There was no significant difference between experiments 2 and 3. There was a significant difference in experiment 6 between treatments A and B versus C.
DISCUSSION
The weanling diarrhea (experiment 1) in the pigs farrowed and weaned conventionally (un- criteria for weanling colibacillosis (38) . Namely, diarrhea occurred 3 to 5 days postweaning, and hemolytic E. coli were highly associated with the diarrhea. The E. coli could adhere to enterocytes ( Fig. 7) and were capable of producing a heat-stable and heat-labile enterotoxin. Furthermore, there was a dominant enteropathogenic serotype. However, as we reported previously, 75F- 6''12 14 16 the appearance of rotavirus in the feces (a virus known to destroy enterocytes) coincided with the initiation of diarrhea (16) and, as we report now, preceded the shift to the hemolytic E. coli flora (Fig. 1) . Peer pigs farrowed and weaned at our intensive care farrowing facility (sanitary pigs) also experienced weanling diarrhea (experiment 2). In these circumstances, diarrhea was delayed up to 16 days postweaning (the delay probably reflecting the more sanitary, less stressful environment) (17) . Again, rotavirus was associated with the first few days of the diarrhea. However, no shift to a hemolytic fecal flora occurred, and isolates of E. coli obtained during the outbreak of diarrhea did not produce enterotoxins. The diarrhea was less severe and of shorter duration in the sanitary (experiment 2) versus the unsanitary pigs (experiment 1). However, this comparison is difficult to evaluate since feeding and housing were markedly different between the two groups of pigs.
The rapid shift to a hemolytic E. coli fecal flora during weanling diarrhea as described by us (experiment 1) and others (3, 4, 6, 8, 10, 11, 20, 22) stands in marked contrast to the difficulty we encountered in establishing the hemolytic flora in artificially inoculated pigs, unless the pigs were inoculated during a concurrent rotavirus-associated diarrhea. For example, sanitary pigs inoculated with hemolytic E. coli-7 12 days after they recovered from rotavirus diarrhea shed the E. coli-7 for a short period, the diarrhea was mild, and there were no interruptions in the rapid rates of weight gain (experiment 3). The same mild response was seen in 16-day-old colostrum-deprived pigs (experiment 5) and 4-week-old colostrum-deprived pigs artificially infected only with hemolytic E. coli (experiment 6B). Contrasting with this, the shedding pattern of hemolytic E. coli and the severity of diarrhea as seen in the field (33, 38) and in experiment 1 was easily duplicated in dually infected pigs. This was so in experiment 4 in which pigs were infected with hemolytic E. coli-7 at the onset of rotavirus diarrhea and in experiment 6C in which 4-week-old colostrum-deprived pigs were infected with rotavirus and 1 day later with hemolytic E. coli-7.
As mentioned above, others have regularly recovered hemolytic E. coli from piglets with weanling diarrhea (3, 4, 6, 8, 10, 11, 20, 22) , and some noted the presence of rotavirus but concluded that the role of rotavirus was unclear and difficult to access (32) . They suggested from their research with gnotobiotic pigs that rotavirus was playing a minor role by prolonging the time of postweaning susceptibility to hemolytic E. coli infection (32, 33) . Equivocal results regarding severity of diarrhea have been reported for dually infected lambs and foals (34) (35) (36) 39) . Perhaps the interpretations vary because the animals used by the investigators were of different ages and under different management systems. In calves that were dually infected, it was felt that they were more severely affected, but it was an additive effect between the rotavirus and the E. coli rather than one of synergism (23) . However, recent results indicated that the effects may be synergistic (34) .
We conclude from the results reported here that, in our research situation and probably beyond, the role of the hemolytic enteropathogenic E. coli by themselves at weaning is benign-unless provoked. One such provocation is a concurrent infection with rotavirus. We suspect that rotavirus is interfering with the normal clearing mechanisms of the gut either by nonspe- cifically negating a gross protector of gut colonization or by a specific effect such as altering the binding sites on enterocytes so that enteropathogenic E. coli can now adhere. Kenworthy and Allen in 1966 (10), noting a shift to hemolytic E. coli in newly weaned pigs, in a sense anticipated our results when they wrote ". . . the stimulus to E. coli proliferation resides in the host's response to intestinal irritation." In our case, the irritant was rotavirus, and the host's response was a damaged intestinal epithelium.
